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1Chapter
Self-Assembly of GeMn 
Nanocolumns in GeMn Thin Films
Thi Giang Le
Abstract
This chapter presents the results of growing GeMn nanocolumns on Ge(001) 
substrates by means of molecular beam epitaxy (MBE). The samples have been 
prepared by co-depositing Ge and Mn at growth temperature of 130°C and Mn at 
concentration of ~6% to ensure the reproduction of GeMn nanocolumns. Based on 
the observation of changes in reflection high-energy electron diffraction (RHEED) 
patterns during nanocolumn growth, surface signals of GeMn nanocolumn forma-
tion have been identified. Structural analysis using transmission electron micros-
copy (TEM) show the self-assembled nanocolumns with core-shell structure extend 
through the whole thickness of the GeMn layer. Most of nanocolumns are oriented 
perpendicular to the interface along the growth direction. The nanocolumn size has 
been determined to be about 5–8 nm in diameter and a maximum height of 80 nm. 
A phenomenological model has been proposed to explain the driving force for self-
assembly and growth mechanisms of GeMn nanocolumns. The in-plane or lateral 
Mn diffusion/segregation is driven by a low solubility of Mn in Ge while the driving 
force of Mn vertical segregation is induced by the surfactant effect along the [001] 
direction.
Keywords: GeMn nanocolumns, Ge thin film, growth mechanism, Mn segregation, 
Mn low solubility, Mn5Ge3 clusters
1. Introduction
The discovery of the giant magneto-resistance (GMR) effect in metallic mul-
tilayers by Albert Fert and Peter Grunberg has probably made a great step toward 
spintronics [1, 2]. To further extend applications of spintronics, researchers and 
engineers invent new architectures and structures, allowing to realize the integra-
tion of magnetic materials into semiconductors. The development of active spin 
devices, such as spin transistors or diodes, calls for new materials, which enable 
to efficiently inject spin-polarized currents into standard semiconductors. Two 
main ways have been explored in order to inject spin-polarized current into 
semiconductors.
Firstly, one can make use of the properties of a ferromagnetic metal (FM) such 
as Co, Fe, Ni, or their alloys. Spin-polarized currents tunnel from ferromagnetic 
metal to semiconductor through an insulator [3, 4] or a Schottky barrier [5]. 
However, the efficiency of spin injection directly into Si or Ge remains very low. 
Indeed, most of the ferromagnetic metals react with Si and Ge, leading to the 
formation of interfacial silicides or germanides, which, for most of them, are 
not ferromagnetic. It is also not trivial to obtain epitaxial growth of an oxide in 
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between Ge (or Si) and a ferromagnetic metal; spin injection is therefore limited 
by the interface roughness [6].
Secondly, diluted magnetic semiconductors (DMSs), obtained by doping stan-
dard semiconductors with magnetic impurities, such as Mn or Co, have emerged 
as potential candidates for spin injection. The materials become ferromagnetic 
while conserving their semiconducting properties. They exhibit therefore natural 
impedance match to host semiconductors and are expected to efficiently inject 
spin-polarized currents into semiconductors. Since the spintronic devices often 
operate at room temperature and they are heated up during the operation, the great 
challenge and ultimate goal of the research in this field is to obtain DMSs exhibiting 
ferromagnetism well above room temperature. This feature represents key issues for 
the development of spintronic devices.
In the 1990s, DMSs of III-V-based compound semiconductors were successfully 
fabricated by introducing Mn ions, but Mn atoms are much less soluble than in II-VI 
semiconductors, making them difficult to be diluted in the III-V semiconductor, 
such as (GaMn)As. By using a low-temperature MBE technique, it is possible to 
grow thin films with higher Mn concentrations in a nonequilibrium process and 
prevent Mn ions to form precipitations. The TC, achieved at that time, was 110 K for 
5.5% Mn-doped GaAs [7]. So far, the GaMnAs diluted magnetic semiconductors 
seem to be the most important and the best understood system up to now. However, 
they are ferromagnetic only at temperatures well below room temperature, the 
highest value reported was 173 K by Gallagher’s group in UK [8]. An interesting 
alternative could be magnetic semiconductors that are based on elemental semi-
conductors and also owe to their compatibility with Si microelectronics. In the 
last decades, considerable amount of work has been devoted to the synthesis of 
Mn-doped Ge and Si, such as SiMn, GeMn, and SiGeMn. The main motivations for 
the synthesis of these materials are:
• Compatibility with mainstream silicon technology.
• Mn magnetic impurity acts as an acceptor in the substitutional sites in the 
crystal lattice.
• Very long spin relaxation time, which comes from weak spin-orbital coupling 
in Si and Ge [9]. It is worth noting that the spin relaxation time in IV-IV 
semiconductors is much larger than that in III-V semiconductors.
Although silicon is the key material of microelectronics, the first demonstration 
of spin injection was only achieved in 2007. Until now, it is unclear whether Mn 
can substitute Si sites since Mn ions in Si are fast interstitial diffusers even at low 
temperatures. Experimentally, numerous groups have reported the observation 
of ferromagnetism in Mn-doped Si with Curie temperatures ranging from 200 to 
400 K [10–13]. However, the origin of the observed ferromagnetism remains very 
diverse, which makes Mn-doped Si DMSs difficult to be realized.
Recently, special attention both in experiment and theory has been given to 
group-IV Ge1 − xMnx diluted magnetic semiconductors due to their compatibility 
with mainstream Si-based electronics. Zwicker et al. conducted the first study on 
the Ge-Mn equilibrium phase in the early 1949 [14]. Later on followed extensive 
investigations establishing the relative phase diagram [15]. The interests in GeMn 
system as a promising high-TC ferromagnetic semiconductor essentially started in 
2002 with the publication by Park et al. [16], claiming the fabrication of a GeMn 
DMS with a TC up to 116 K and linear dependence on the Mn concentration. Since 
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then, many publications investigated different aspects of the GeMn system and 
employed different fabrication techniques [17–19].
Despite numerous researches carried out up to now, the fabrication of homo-
geneous and high-TC Ge1 − xMnx films remains a challenge. It is now commonly 
believed that secondary phases form once the Mn concentration exceeds the solubil-
ity limit [20]. In general, when the Mn concentration and the growth temperature 
are high enough or after post-annealing, parasitical metallic nanoclusters of Mn5Ge3 
are observed in GeMn films [21–23]. Mn11Ge8 precipitates are observed under cer-
tain conditions [24]. A result of particular interest is the discovery of the CEA group 
on the formation of a nanocolumn phase, which exhibits a Curie temperature higher 
than 400 K [25]. The nanocolumns have an average size of 5 nm and are separated 
from each other by a distance of about 8 nm. This phase has been attributed to a 
new compound, Ge2Mn, which does not exist in the Ge-Mn phase diagram.
Among numerous phases of GeMn DMS, the nanocolumns’ phase appears to be 
the most interesting, because it is the unique phase that has Tc higher than RT. But 
concerning the GeMn nanocolumns, there are some remaining questions about the 
composition and the mechanism of nanocolumn formation. One of the main objec-
tives of this chapter consists of understanding the origin of the formation of this 
nanocolumn phase. Our purposes are to determine the nanocolumn size, driving 
force for self-assembly, and growth mechanisms of GeMn nanocolumns.
2. Literature review of the synthesis of Ge1 − xMnx DMS
After the first report of ferromagnetism in the Ge1 − xMnx system with 
TC = ~116 K [16], the synthesis of Ge1 − xMnx DMSs has been the subject of numer-
ous investigations [26–36]. Since it has been shown in Ref. 10 that magnetic order-
ing in Ge1 − xMnx linearly increases with increasing Mn concentration, a number of 
works have focused on investigations of the dependence of the Curie temperature 
of GeMn DMS on the growth parameters. Among numerous growth parameters, 
which can affect the Ge1 − xMnx growth behavior, the growth temperature and the 
Mn concentration appear to be the most important. Before presenting our results, 
we summarize below some major results, reporting on the influence of these two 
parameters on the growth and magnetic properties of GeMn DMSs.
2.1 Effects of Mn concentration on the growth behavior of Ge1 − xMnx DMS
Similar to the case of Mn in III-V semiconductors, the solid solubility of Mn in 
Ge is as low as 1015 cm−3 under equilibrium conditions [37]. As a consequence of 
such a low solubility, thin film growers use low-temperature growth to bring the 
system to high nonequilibrium conditions with the hope to increase the Mn con-
centration that can be incorporated in the films. Low-temperature growth is also 
expected to minimize phase separation and/or the formation of unwanted com-
pounds. However, it is worth noting that low-temperature growth often conducts 
to the formation of metastable state and low crystalline quality of epilayers due 
to a low surface diffusion coefficient of adatoms on surface. Moreover, the ratio 
between interstitial and substitutional dopants may be reduced due to a too low 
growth temperature.
Several reports have shown that a concentration of holes up to 1017–1020 cm−3 
can be obtained when doping Mn in Ge [16, 25, 29, 30, 38, 39]. It has also been 
demonstrated that when Mn atoms substitute Ge sites, Mn ions are in 2+ ionic 
states [35, 36, 40, 41]. Li et al. [38] reported on Mn ionic implantation in Ge and 
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suggested that up to 20–30% Mn ions could be incorporated in substitutional sites 
and post-annealing allowed increasing this fraction to 40–50%. Some interstitial 
Mn ions can be converted to substitutional Mn under adequate post-annealing.
In general, it is now generally accepted by the scientific community working 
on GeMn DMSs that a Mn concentration up to 5–9% can be incorporated in Ge 
layers without creating visible metallic clusters or precipitates, such as Mn5Ge3 and 
Mn11Ge8. However, other kinds of Mn-rich cluster phases, in particular with size 
being in the range of sub-nanometer, may exist [41–43]. A question, which is still 
under debate, concerns the exact Mn amount or concentration that really partici-
pates in producing ferromagnetic ordering in Ge1 − xMnx materials. Answering this 
question certainly requires nano-scaled characterization tools for both structural 
and magnetic properties. Another remaining question concerns the origin of 
ferromagnetism in Ge1 − xMnx. If the Zener model or hole-mediated ferromagnetic 
model, which uses thermodynamic and micro-magnetic descriptions to explain the 
origin of ferromagnetism in DMS materials, is generally accepted, other mecha-
nisms, for example bound magnetic polarons, have been proposed [36]. These 
authors, by combining magnetic and transport characterizations of Ge1 − xMnx 
films doped with ~5% of Mn, provided the existence of two magnetic transitions: 
TC* (~112 K) and TC (~12 K) of the layers. The transition at high temperature (TC*) 
can be attributed to the exchange interaction between localized charge carriers and 
surrounding Mn ions (magnetic polarons) while the TC transition may arise from 
infinite-size ferromagnetic clusters due to inhomogeneous distribution of Mn dop-
ants inside the layers.
2.2 Effects of growth temperature on Ge1 − xMnx DMS
Together with the Mn concentration, the growth temperature is recognized as one 
of the main parameters that governs the growth process of GeMn films. In particular, 
the growth temperature has a direct consequence on the nature of phase separation 
or clusters that are formed in the layers: nano-scaled Mn-rich regions or metallic 
clusters (Mn5Ge3, Mn11Ge8 or Mn5Ge2). According to previous works, three main 
regions of the growth temperature can be classified: (i) above 180°C, (ii) below 80°C, 
and (iii) intermediate temperatures in the range from 110 to 150°C.
The most “famous” or the most frequently observed Mn-Ge clusters are cer-
tainly metallic Mn5Ge3 clusters. This phase of clusters is generally observed when 
the growth temperature exceeds 180°C. Figure 1 shows an example in which a 
high density of Mn5Ge3 clusters is present in Ge1 − xMnx films, which were grown at 
225°C and contained a Mn concentration of 3% [23]. Using transmission electron 
diffraction (TED) and magnetic characterizations, the authors have unambigu-
ously identified that those clusters are made of the Mn5Ge3 phase. An epitaxial 
relationship between these clusters and Ge(001) has been determined: a majority 
of them are oriented with the hexagonal (0001) plane of Mn5Ge3 being aligned 
with the (001) plane of Ge while some others are randomly distributed in the layers 
(see Figure 1) (right).
In the low growth temperature range, Bougeard et al. [42] reported that 
Ge1 − xMnx films were free of intermetallic precipitates but a new kind of cluster 
was formed. Figure 2a shows a plan-view TEM image of a Ge1 − xMnx film grown at 
60°C with Mn content of 5%. Numerous areas exhibiting slightly darker contrast 
are observed; these areas were found to be coherently bounded to the surrounding 
Ge matrix. Analyses performed with annular dark field by scanning transmission 
electron microscopy (STEM) on a single cluster string (Figure 2b) revealed high 
structural disorder around the clusters, suggesting that they have a strained shell 
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with a core made up by amorphous Mn [32]. Continuing their investigations, the 
authors recently showed that when the growth temperature increased to 85–120°C, 
metallic Mn5Ge3 in the shape of nanometer-sized inclusions can be formed in a 
diluted Ge1 − xMnx matrix [45]. It is worth noting that when post-annealing was car-
ried out on Ge1 − xMnx films grown at the temperature range of 70–120°C, new kinds 
of clusters, Mn11Ge8 and Mn5Ge2 can be formed near the surface region.
A result of particular interest, observed in the intermediate temperature range 
from 110 to 150°C, is the observation by Jamet and colleagues at CEA-Grenoble of 
highly elongated precipitates, which are self-organized to form nanocolumns [18]. 
As can be seen in the cross-sectional TEM image shown in Figure 3a, nanocolumns 
that are elongated along the whole GeMn layer are observed. A high-resolution 
TEM image shown in Figure 3b indicates that nanocolumns are coherent with 
the surrounding matrix and they have an average size of about 3–5 nm. By using 
electron energy-loss spectroscopy (EELS), the authors determined an average Mn 
concentration in nanocolumns ranging from 32 to 37.5% and attributed to a Ge2Mn 
alloy, which does not exist in the Ge-Mn phase diagram.
Figure 1. 
TEM images of a Ge0.97Mn0.03 epilayer on a Ge wafer (left) with a magnified section (right). The arrows mark 
the interface between the wafer and epilayer [27].
Figure 2. 
High-resolution plan-view STEM images of Ge0.927Mn0.073 sample grown at 60°C. Mn-rich regions with darker 
contrast are amorphous Mn [44].
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One of the most interesting features of this nanocolumn phase is that it exhibits 
magnetic ordering well above 400 K. The temperature dependence of magnetiza-
tion of the corresponding sample is shown in Figure 3a of Ref. [25]. Magnetization 
of the layer persists at a temperature of 400 K, the upper limit of the instrument 
for magnetic measurements. Shown in the insert is the M(T) measurement after 
subtracting the magnetic signal of nanocolumns, much lower magnetic ordering is 
observed and has been attributed to a Mn-poor matrix between nanocolumns. It is 
worth noting that the above nanocolumns were shown to be stable up to 400°C and 
transformed into Mn5Ge3 clusters after 15 min of annealing at 650°C. This feature 
represents as a starting point of our research; our purpose consists of seeking the 
ways to stabilize this high-TC nanocolumn phase.
3. Experiment detail
The solubility limit of Mn in Ge is very low (estimated to be 1015 cm−3 [37], 
corresponding to a Mn atomic concentration of ≈ 2×10−6 %). While using nonequi-
librium growth techniques such as low-temperature MBE growth, a much higher 
Mn solubility has been demonstrated. However, such a low thermodynamical Mn 
solubility constitutes as the main obstacle to get homogeneous highly doped GeMn 
Figure 3. 
Transmission electron micrographs of a Ge1−xMnx film grown at 130°C and containing 6% of manganese. (a) 
Cross section along the [110] axis; (b) High-resolution image of the interface between the Ge1−xMnx film and 
the Ge buffer layer; (c) Plane view micrograph performed on the same sample; (d) Mn chemical map obtained 
by energy-filtered transmission electron microscopy. Bright areas correspond to Mn-rich regions [39].
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films. On the other hand, the Mn dilution in a germanium crystal remains highly 
questionable and in most of experiments reported up to now; GeMn films are in 
general found to contain either nanoscaled Mn-rich regions or secondary-phase 
precipitates like Mn5Ge3. This means that it is crucial to combine nanoscale char-
acterizations of the structural properties with magnetic properties in order get an 
accurate physical picture of grown films. The ultimate goal of research in GeMn 
materials could be thus find out growth techniques and growth conditions to obtain 
homogenous materials containing a few percent of Mn, allowing to raise the Curie 
temperature well above room temperature for the realization of spintronic devices. 
Up to now, low-temperature MBE technique has been intensively used to synthesize 
GeMn DMSs and promising results have been obtained [32, 33, 44, 46–48].
In our works, GeMn film growth was performed using solid source molecular 
beam epitaxy (MBE) on epi-ready Ge(001) wafers with a base pressure better than 
1 × 10−10 Torr. Ge and Mn were evaporated using standard Knudsen effusion cells. 
The deposition chamber is equipped with RHEED to control the sample surface 
and to monitor the epitaxial growth process. The Ge deposition rate was estimated 
from RHEED intensity oscillations of the Ge-on-Ge homoepitaxy, whereas the Mn 
concentrations were deduced from Rutherford backscattering spectrometry (RBS) 
measurements. The cleaning of the Ge surfaces was carried out in two steps: the 
first was a chemical cleaning to eliminate hydrocarbon contaminants. Then, the 
Ge native oxide layers were etched in a diluted hydrofluoric acid solution (10%) 
for some minutes until a hydrophobic surface was obtained. The second step was 
an in situ thermal desorption of the surface oxide, which consists of outgassing the 
sample for several hours at 450°C followed by flash annealing at 750°C. After this 
step, a 40-nm-thick Ge buffer layer was grown at 250°C to ensure a good starting 
surface. Regarding the previous results, 80-nm-thick Ge1 − xMnx films were sub-
sequently grown at the substrate temperature of 130°C and Mn concentrations of 
~6% to ensure the reproduction of GeMn nanocolumns.
Structural analyses of the grown films were performed through extensive 
high-resolution transmission electron microscopy (HR-TEM) by using a JEOL 
3010 microscope operating at 300 kV with a spatial resolution of 1.7 Å. Imaging at 
this resolution requires TEM samples to be very thin in the region of interest. As a 
minimum requirement, samples must be electron transparent. To take advantage of 
a TEM’s high resolution, it is necessary to prepare high-quality electron transparent 
samples. In practice, TEM specimens should be no thicker than 100 nm for low-
resolution imaging and even thinner (~50 nm) for high-resolution imaging [49]. 
Sample preparation was carried out by standard mechanical polishing and argon ion 
milling. At first, the samples were cut in in two rectangular pieces (about 2 × 3 mm) 
and the film sides glued together with epoxy. Then, the samples were polished to a 
thickness of approximately 20 μm with a series of progressively smoother diamond 
papers. Gatan PIPS™ (Precision Ion Polishing System) ion mill was used for final 
thinning to electron transparency.
4. The surface signal of GeMn nanocolumn formation
The surface signal of nanocolumn phase is extremely important because this 
allows us to know if the nucleation of the nanocolumn phase takes place. Figure 4 
displays the evolution of RHEED patterns taken along the [1-10] azimuth of Ge 
surface during the growth of Ge0.94Mn0.06 film. Starting from RHEED pattern of the 
Ge surface prior to growth in Figure 4a, the Ge surface is characterized by a well-
developed Ge reconstruction (2 × 1) streaky pattern, indicating that the surface 
is clean and smooth. This is also confirmed by the observation of high-intensity 
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Kikuchi lines, which overlap 1 × 1 and specular streaks, giving rise to localized 
reinforcements of intensity. The calculations of density functional theory (DFT) are 
in good agreement with these results and demonstrate that in the case of the clean 
surface Ge (001), the total energies are minimal for this type of symmetry [50]. 
The Ge reconstruction streak (2 × 1) disappears after a few monolayers of GeMn 
co-deposition (Figure 4b), then reappears in Figure 4c. The high-intensity spots 
due to the diffraction in transmission begin to appear on the 1 × 1 streaks after the 
deposition of a few nanometers and remain present until the end of the deposition 
(Figure 4c and d). This indicates the formation of a new GeMn phase having the 
same crystal structure as that of the Ge substrate. In addition, the surface of this 
new phase is rough. These three-dimensional (3D) spots come from the contribu-
tion of the nanocolumns that are formed in a diluted GeMn matrix whose structure 
is similar to that of Ge. Indeed, during homoepitaxy of Ge on Ge at this same growth 
temperature, the RHEED pattern presents diffraction streaks characteristic of two-
dimensional growth. The observation this type of pattern is very interesting because 
it indicates that the growth surface is rough and that the degree of roughness 
remains constant during the deposition. In other words, the vertical growth speed 
of the area between the nanocolumns and that of the nanocolumns themselves are 
almost the same because the diffraction diagram remains unchanged. In addition, 
by comparing with the TEM images obtained, it is pointed out that the diameter of 
nanocolumns is smaller than the coherence length of the incident electron beam 
(10 nm), which makes it possible to attribute unambiguously the 3D spots on the 
1 × 1 streaks of surface diffraction to the presence of the nanocolumn phase.
In short, in case of nanocolumn formation, the surface still exhibits a two-
dimensional growth behavior although some intensity reinforcements at the 
Bragg diffraction positions are visible and the intensity of reconstructed ½ streaks 
Figure 4. 
RHEED patterns taken along the [1-10] azimuth of the clean Ge surface prior to growth (a), during the growth 
of the first monolayers (b), after 3 minutes of the growth (c), and finishing the growth process of ~80 nm 
Ge1 − xMnx film (d), with Mn concentration ~ 6%.
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becomes weaker—the sign of GeMn nanocolumn formation of [51]. The 3D spots 
situated on the 1 × 1 streaks are the contribution of Mn-rich nanocolumns formed 
in the diluted GeMn matrix.
5. The growth direction and size of the GeMn nanocolumns
Figure 5 displays typical cross-sectional TEM images of a sample grown at 130°C 
and with Mn content of ~6%. Dark contrast corresponds to Mn-rich regions while 
regions with a brighter contrast arise from the diluted matrix. The correspond-
ing film thickness is ~80 nm. According to an overall view of the layer structure, 
shown in low-scaled images in Figure 5(a), we can see that the GeMn nanocolumns 
observed are very similar to those reported in Ref. 19. The self-assembled nanocol-
umns extend through the whole thickness of the GeMn layer. Most of nanocolumns 
are oriented perpendicular to the interface, that is, along the [001] direction. High-
resolution TEM image taken around the nanocolumn inside the layer in Figure 5(b) 
reveals that nanocolumns are epitaxial and perfectly coherent with the surrounding 
diluted lattice. No defects nor presence of MnGe clusters are visible. Figure 5(c) 
shows that the interface is almost invisible and GeMn film exhibits the same dia-
mond structure as Ge buffer layer. According to our previous study, at the growth 
temperature of Mn concentration of 6%, the nanocolumn can reach the maximum 
length of 80 nm before transforming into Mn5Ge3 clusters [52–54].
To investigate the arrangement and the size of GeMn nanocolumns, Figure 6 
displays the overall and high-resolution plan-view TEM images of 80-nm-thick 
Ge0.94Mn0.06 film. The nanocolumns are distributed evenly on the entire film surface 
with the diameter of about 5–8 nm. The inter-distance between adjacent columns is 
about 8–10 nm. The circle shape of Mn-rich nanocolumns in plan-view TEM images 
means that the GeMn nanocolumns exhibit cylindrical shape. Around each column 
in Figure 6b, a dark ring reveals a large strain extending over a few interatomic 
distances. The presence of a disordered core in the columns can reveal a plastic 
relaxation of the misfit stress with the surrounding matrix, probably due to the 
high-energy electron beam of the microscope. Studying the influence of Mn content 
Figure 5. 
Typical cross-sectional TEM image of a 80-n-thick Ge1 − xMnx film with x ~ 0.06 (a), high-resolution TEM 
image taken inside the film (b) and around the interface region (c).
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on the formation of GeMn nanocolumns, previous studies show that increasing the 
Mn content leads to the column density remaining nearly constant, whereas their 
width increases and their height decreases drastically [39, 53].
In summary, GeMn nanocolumns are found to be formed at the Mn concentra-
tion of ~6%. We are thus able to stabilize the nanocolumn phase, which extends 
through the whole 80-nm thickness of the GeMn layer and exhibits the diamond 
structure elongated along the growth direction, with the diameter of about 5–8 nm.
6.  Driving force for self-assembly and growth mechanisms of GeMn 
nanocolumns
The incorporation of impurities in a crystal lattice generally induces a constraint 
either at the local scale or in the whole lattice. With a very small amount of Mn 
(~6%), large-scale deformation is not expected. Since the atomic radius of an Mn 
atom (140 pm) is larger than that of a Ge atom (125 pm), the Mn-rich region, such 
as nanocolumns, should be in compression because of the presence of the Ge matrix 
surrounding them. The RHEED technique is very local but is not sufficient to be 
able to observe an infinitesimal constraint induced by nanocolumns. A Fourier 
transform of the cross-section TEM image inside the GeMn nanocolumn layers 
displayed in Figure 7 shows that no dislocation can be observed in the filtered image 
along the Bragg’s spots (220) of the red square area. This result indicates that the 
nanocolumn is in a stressed state. Note that filtering by the Fourier transform of the 
entire nanocolumn does not reveal any dislocation. It means that the nanocolumns 
are coherently strained in compression by the matrix along the growth direction. In 
any case, the presence of stress is inevitable even if the quantity of Mn incorporated 
is extremely small. The stress can be the important effect in the distribution of Mn 
atoms in the Ge matrix. A detailed study of the constraints would make it possible 
to better understand the mechanism of incorporation of Mn into nanocolumns and 
therefore to better understand the formation and growth kinetics of nanocolumns.
One of the central results concerning the nanocolumn formation is that the Mn 
concentration inside nanocolumns is not constant but increases from the interface 
to the film surface [55]. To understand the variation of the Mn concentration inside 
the Ge1 − xMnx nanocolumns, we attempt to provide a phenomenological explana-
tion of the Ge1 − xMnx nanocolumn formation.
To investigate the mechanism leading to the formation of Ge1 − xMnx nanocol-
umn, we recall that under nonequilibrium growth carried out at a temperature as 
low as 130°C, the Ge lattice can dilute a Mn concentration of about 0.25–0.5% [56]. 
Figure 6. 
Typical (a) and high-resolution (b) plan-view TEM image of a 80-nm-thick Ge1 − xMnx film with x ~ 0.06.
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At the first stage of the growth, GeMn alloys with Mn concentration as high as ~6% 
are deposited on a Ge surface. This content far exceeds the solubility threshold of 
Mn atom in the Ge lattice. The excess Mn should diffuse and/or segregate along the 
surface to form Mn-rich regions. In other words, Mn-rich regions start to nucleate 
on the Ge surface even after deposition of the first monolayers and this is a direct 
consequence of the low solubility of Mn in the Ge lattice. The formation of these 
Mn-rich regions on the surface should “disturb” the surface morphology. This is 
what we have observed from RHEED patterns in Figure 4b. Probably, the presence 
of Mn-rich nuclei is responsible for the change in RHEED pattern of Figure 4a to 
RHEED pattern of Figure 4b. Since a too high Mn concentration in a nucleus is not 
favorable, both from the thermodynamical and epitaxial points of view, the system 
should self-organize to form nuclei with a certain density. The size of nuclei and 
the distance between nuclei depend on the Mn diffusion length on the film surface 
and the substrate temperature. Schema in Figure 8 illustrates the formation of 
these Mn-rich nuclei on the Ge surface. During the GeMn deposition process, these 
nuclei may serve as seeds for the nanocolumn formation. Figure 8 displays a schema 
illustrating the Mn accumulation on the Ge(001) surface.
The increase in Mn concentration within nanocolumns could be explained by 
vertical segregation of Mn along the [001] direction. The energy calculations along the 
Ge(001) orientation using spin-polarized density functional theory (DFT) show that 
Figure 7. 
High-resolution cross-section TEM image of the nanocolumns (a) and the image filtered along the Bragg’s peak 
(220) of the red square area (b).
Figure 8. 
The scheme of Mn accumulation on Ge(001) surface.
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Figure 10. 
The scheme of growth competition between Ge1 − xMnx nanocolumns and Mn5Ge3.
for Ge(100) −2 × 1 surface reconstruction, Mn diffuses via the surface interstitial site 
(I0 site) preferentially. Mn adatoms originating from the gas phase or from deeper lay-
ers can easily diffuse toward the interstitial sites right beneath the dimers of Ge(100) 
−2 × 1 surface reconstruction. Therefore, growth of Mn-doped Ge(100) DMS at low 
temperatures should result in a high density of interstitial Mn. As Mn atoms are buried 
beneath a newly deposited Ge layer, they tend to float upward via the I0 sites [44, 57]. 
Due to this surfactant effect of Mn atoms along the [001] direction, once Mn-rich 
nuclei are formed on the surface, further deposition leads to the formation of GeMn 
columns in which the Mn concentration continuously increases from interface to the 
film surface. And the cylindrical shape of nanocolumns allows them to minimize their 
interface energy with the surrounding diluted matrix. Figure 9 displays a schema 
illustrating the segregation of Mn atoms during the growth GeMn nanocolumns.
According to our previous studies, the formation of GeMn nanocolumns and 
Mn5Ge3 clusters is a competing process [52]. During the growth, Mn continuously 
segregates toward the film surface and GeMn nanocolumns are found to transform to 
metallic Mn5Ge3 precipitates once the Mn concentration inside nanocolumns exceeds 
a highest value about 40%. It means that depending on the Mn concentration in the 
top of nanocolumns, nanocolumn growth can be interrupted. In the same time, other 
nanocolumns can start to nucleate in the middle of the layer if these regions are rich 
Figure 9. 
The scheme of Mn atoms segregating toward the film surface through the interstitial sites during the deposition 
of Ge1 − xMnx film on Ge(001) substrate.
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enough in Mn to form new nuclei. Figure 10 displays a schema illustrating the growth 
competition between Ge1 − xMnx nanocolumns and Mn5Ge3 clusters.
Another interesting feature of nanocolumns is their core-shell structure [52, 53]. 
The Mn concentration across a nanocolumn is not homogenous; nanocolumns exhibit 
a core-shell structure with a much higher Mn concentration in the core compared 
to that of the shell. The Mn concentration in GeMn nanocolumns is highly inhomo-
geneous, it increases from interface to the film surface and also from the shell to the 
core of nanocolumns. Since the atomic radius of Mn atoms is slightly larger than that 
of Ge (127 and 122 picometers for Mn and Ge atoms, respectively), if the Mn concen-
tration inside nanocolumns is too high, nanocolumns may exert a tensile strain on the 
surrounding lattice. To reduce such a strain, a core-shell structure with a reduced Mn 
concentration from core to shell should allow nanocolumns to more easily adapt the 
lattice parameter of the surrounding lattice. Thanks to this self-organized core-shell 
structure, almost all nanocolumns are found to be perfectly coherent with the sur-
rounding lattice, as can be seen in Figure 5.
7. Conclusion
In conclusion, GeMn nanocolumns elongated along the growth direction are 
found to be formed at the growth temperature of 130°C and Mn concentration of 
~6%. Based on the surface signals of GeMn nanocolumn formation, we are thus able 
to stabilize the nanocolumn phase, which exhibits the same diamond structure as 
Ge substrate with the diameter of about 5–8 nm and the maximum height of 80 nm. 
We have attempted to explain the nanocolumn formation using a phenomenological 
model based on Mn segregation and diffusion both in-plane and along the growth 
direction: (i) Mn-rich regions start to nucleate on the Ge surface even after deposi-
tion of the first monolayers and this is a direct consequence of the low solubility of 
Mn in the Ge lattice; (ii) due to the surfactant effect of Mn atoms along the [001] 
direction, further deposition leads to the formation of GeMn nanocolumns in which 
the Mn concentration continuously increases from interface to the film surface; (iii) 
GeMn nanocolumns become unstable when the Mn concentration reaches a value 
of 40% and then transform into Mn5Ge3 clusters. The shell-core structure of the 
column is formed to reduce strain, which is induced due to the difference in atomic 
radius between Ge and Mn.
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